In this work, we use large-scale molecular dynamics simulations coupled to free energy calculations to identify for the first time a limit of stability (spinodal) and a change in the nucleation mechanism in aqueous NaCl solutions. This is a system of considerable atmospheric, geological and technical significance. We find that the supersaturated metastable NaCl solution reaches its limit of stability at sufficiently high salt concentrations, as indicated by the composition dependence of the salt chemical potential, indicating the transition to a phase separation by spinodal decomposition. However, the metastability limit of the NaCl solution does not correspond to spinodal decomposition with respect to crystallization. We find that beyond this spinodal, a liquid/amorphous separation occurs in the aqueous solution, whereby the ions first form disordered clusters. We term these clusters as "amorphous salt". We also identify a transition from one-to two-step crystallization mechanism driven by a spinodal. In particular, crystallization from aqueous NaCl solution beyond the spinodal is a two-step process, in which the ions first phase-separate into disordered amorphous salt clusters, followed by the crystallization of ions in the amorphous salt phase. In contrast, in the aqueous NaCl solution at concentrations lower than the spinodal, crystallization occurs via a one-step process, as the ions aggregate directly into crystalline nuclei. The change of mechanism with increasing supersaturation underscores the importance of an accurate determination of the driving force for phase separation. The study has broader implications on the mechanism for nucleation of crystals from solutions at high supersaturations.
I. INTRODUCTION
Crystallization from solution is a fundamental process that is of interest in many fields, including but not limited to atmospheric sciences, geochemistry and biology. [1] [2] [3] [4] Despite its importance, the nature of the initial, rate-determining and highly non-equilibrium nucleation process, entailing the formation of microscopic ordered precursors (nuclei) of the stable crystal phase, has not been fully revealed at the molecular level, partly due to the fact that the existing experimental techniques lack the spatio-temporal resolution to probe the short-lived nanometer-scale nuclei at the early stages of the nucleation process. Molecular simulations, on the other hand, do not suffer from the lack of temporal or spatial resolution, and the last decade has seen a rapid growth in the number of simulation studies for both homogeneous and heterogeneous nucleation in various systems, ranging from simple models (e.g. Lennard-Jones particles) 5, 6 to realistic systems represented by molecular force fields (e.g. NaCl, CaCO 3 , urea, etc.) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Many important features of the microscopic mechanisms underlying the nucleation/crystallization of solute molecules or ions from solution have been illustrated. In spite of the rapid progress in understanding the underlying mechanisms using simulations, the accurate calculation of rates remains a challenging task, as the calculation is usually subject to large uncertainties 19 , entails demanding computations, 12 and is often limited to a narrow range of supersaturations.
In general, simulations of nucleation/crystallization from solution are conducted at high solute concentrations, where fast nucleation may be observed within a reasonable amount of simulation time. 15, 20, 21 Despite the invaluable insights provided by many prior simulation studies, a precise determination of the driving force for nucleation, i.e. the solution supersaturation, or more precisely, the difference between chemical potential of the solute in solution and crystal phases, is generally missing in most prior studies. The supersaturation of a simulated solution is often interpreted using the experimental solute solubility, 14, 16 however, the actual solubility of the underlying molecular force fields may differ significantly from the experimental value, leading to severe under/overestimation of the driving force. For the few studies that estimated the solubility of the underlying molecular force fields, 11, 22 The connection between crystallization and liquid-liquid phase separation has been explored previously, both experimentally 6, [23] [24] [25] [26] [27] [28] [29] [30] [31] and by simulations 17, 20 . In protein and colloidal solutions, 6, 26, 27 the liquid-liquid phase transition becomes metastable with respect to the liquid-solid transition when the range of attractive interactions is sufficiently short-ranged. Experiments using polymer blends 23 that can undergo both liquid-liquid phase separation and crystallization as a function of temperature show an increase in the nucleation rate of crystallization because of the concentration fluctuations caused by spinodal decomposition of two liquids at higher temperatures. Multivalent salts that tend to form hydrated salt phases, such as MgSO 4 and CaCO 3 have been experimentally observed 30, 31 to form ion-rich liquid phases in supersaturated solutions; a recent study based on molecular dynamics simulations of such solutions 17 proposed a possible mechanism for nucleation proceeding via the formation of "hydrated clusters". The study hypothesized the existence of an underlying metastable liquid-liquid transition interfering with nucleation at specific temperatures, but retained the option of crystallizing the solid directly from solution at all concentrations. Two key questions that remain unanswered thus far are (a) how a solution of a salt such as NaCl, that does not form hydrated crystals, loses thermodynamic stability at sufficiently high concentrations and (b) the implications of the loss of stability on the nucleation mechanism. In the current work, we provide unambiguous answers to these questions, by careful simulations of two model systems. Specifically, we study the nucleation in a model Lennard-Jones (LJ) mixture, and of NaCl from supersaturated aqueous solutions. We obtain component chemical potentials that accurately represent the driving force for nucleation, and we identify the stability limit of the supersaturated NaCl solution, for the first time in simulation studies. Prior to reaching the spinodal there are no liquid pre-nucleation clusters and crystal nucleation follows a single-step mechanism. At and beyond the thermodynamic stability limit, we observe a shift from one-step to a two-step nucleation mechanism, i.e. a liquid/amorphous phase separation producing clusters, followed by crystallization, rather than a barrier-free crystal/solution spinodal decomposition. We also calculate crystal nucleation rates at several supersaturations.
II. METHODS
We use the SPC/E (extended simple point charge) 32 model of water and the Joung-Cheatham 33 (JC) NaCl force fields to model supersaturated aqueous NaCl solutions. The SPC/E and JC force fields have been shown to provide reasonable predictions for several solution thermodynamic and transport properties. 34 The JC NaCl model has an equilibrium solubility of 3.7 mol/kg in SPC/E water at 298.15 K and 1 bar, confirmed by both chemical potential 35 and direct coexistence methods. 36 The nucleation rate for this system has been recently studied 12,37 using forward flux sampling methods, and from seeding simulations in conjunction with classical nucleation theory (CNT) 19, 38 ; it was demonstrated that at modest supersaturations nucleation follows a classical one-step mechanism.
The difference of chemical potentials of ions between solution and crystal phases is the driving force for nucleation. We calculate the chemical potential of NaCl (ions) in solution from 6.0 to 20.0 mol/kg, following the approach developed by Mester and Panagiotopoulos. 35, 39 In particular, the chemical potential is estimated in molecular dynamics (MD) simulations in the isothermalisobaric ensemble as the change in the Gibbs free energy due to the insertion of a pair of ions into the solution. The Gibbs free energy of insertion is obtained through a thermodynamic integration process by slowly switching on the interactions between the inserted pair of ions and the solution. In order to follow the progress of nucleation from aqueous solution, it is necessary to distinguish ions that are in the solution and in the crystalline phases. For each ion (i), the Steinhardt bondorientational order parameter 40 q8 is calculated as,
and
where Y 8l are the spherical harmonics, and θ (r i j ) and φ (r i j ) are the polar and azimuthal angles associated with the vector (r i j ) that connects the central ion (i) and one of its neighbor ions ( j).
The summation in Eq. (2) is over the 12 nearest neighbors of the ion i (N B = 12). We consider an ion to be in the crystalline phase if its q8 order parameter is larger than 0.45, and two crystalline ions that are separated by a distance less than 0.35 nm are considered in the same crystalline nucleus. A similar strategy has been used by Lanaro and Patey 13 to follow the formation of NaCl nuclei in aqueous solutions.
When the free energy barrier for nucleation is low (of the order of a few k B T ), spontaneous nucleation can be observed from unbiased MD simulations within hundreds of nanoseconds. For such spontaneous nucleation events, the nucleation free energy profile can be extracted from the mean first passage time (MFPT) as, 41, 42 
where τ(n * ) is the MFPT collected from MD simulations as the average time required for the largest nucleus in a trajectory to reach a size of n * for the first time. P st (n * ) is the steady state probability that a configuration has a largest crystalline nucleus of size n * . a is the boundary of the solution domain, which is taken as the position where P st shows a maximum for a solution before experiencing any crystallization. b is the boundary of the crystal domain, chosen to be 45 in this work, since a critical crystalline nucleus is generally much smaller than 45 for highly supersaturated solutions.
The above free energy profile from MFPT is expressed as a function of the size of the largest crystalline nucleus. However, the free energy barrier associated with a crystallization process corresponds to the reversible work needed to assemble a crystalline nucleus of size n, and it is related to the probability that a system has crystalline nuclei of size n (N(n)), rather than the probability of observing the largest nucleus in a system to have size n (N * (n)). 43 Thus, the free energy profile of nucleation is expressed as,
where N(0) refers to the average number of ions in the solution phase. The above defined G(n)
and G * (n * ) profiles differ for small n (or n * ) and are practically the same for large n (or n * ). 44 Therefore, following the approach of Lundrigan and Saika-Voivod 44 , we first obtain the nucleus size distribution (N(n)) from a short MD simulation (< 10 ns) and calculate G(n) using Eq. (5) up to a small n (< 10), as crystallization has not occurred. G * (n) is then obtained from Eq. (3) and patched onto G(n) for large values of n. The nucleation rate J can be estimated by fitting the MFPT (τ) with the following expression, 44
with n c (the size of a critical crystalline nucleus) and c considered as fitting parameters. V is the system volume.
We also obtained the free energy profile of nucleation using umbrella sampling from hybridMonte Carlo (MC) simulations. 45 For the umbrella sampling simulations, the size of the largest crystalline nucleus is chosen as the reaction coordinate in the bias potential, expressed as φ (n, n 0 ) =
. Following Frenkel and Saika-Voivod et al., 46 ,47 we perform parallel simulations at different umbrella windows (n 0 ) in order to drive the nucleation. At given n 0 , the probability that the largest nucleus in the system is of size n, defined as P max (n), is calculated, and a histogram of nucleus size distribution in the unbiased ensemble (N(n)) is computed from the distribution in the biased ensemble (N(n)), as
We then trim N(n) by discarding histogram entries for which P max (n) is less than 0.05 to ensure good sampling statistics.
With N(n) thus obtained, the nucleation free energy G(n) is determined in each umbrella sampling window up to an additive constant, and the free energy profile is then constructed by minimizing the difference between overlapping portions of G(n) in each window, as done in Ref. 46 and 47.
More details for the umbrella sampling in hybrid-MC simulations are given in the supplementary material.
III. RESULTS AND DISCUSSION
A. Limit of stability 
B. Crystallization of ions
Since the aqueous NaCl solution reaches its stability limit approximately at 15.0 mol/kg, one would normally expect that crystallization of ions from the unstable aqueous solution at and beyond the spinodal is a barrier-free spinodal decomposition process. In order to understand the nucleation mechanism close to the spinodal, we calculated the free energy profile (G(n)) for crystallization of ions at 15.0 mol/kg using both the MFPT from MD simulations and umbrella sampling from hybrid-MC simulations, as described above. As shown in uncertainties, indicating that the system size effect on the free energy barrier of nucleation is negligible. If crystallization proceeds by spinodal decomposition, the free energy barrier would vanish.
However, this is clearly not the case at the spinodal of the aqueous NaCl solution.
Given that the system is not experiencing spinodal decomposition towards crystallization, it is interesting to investigate if classical nucleation theory (CNT), which is only valid at low supersaturations, is still applicable at the spinodal for the solution. From CNT, the nucleation rate is calculated as,
where ρ is the number density of NaCl (around 6.5×10 27 m −3 at 15.0 mol/kg). f + is the attachment rate of ions to a critical nucleus, which can be estimated as the slope of the mean squared evolution of the largest nucleus size, n * , with time (t), as < [n * (t) − n * (t = 0)] 2 > /2t. n * (t = 0)
is close to the critical nucleus size. 100 independent MD simulations are initialized from systems We extended the analysis to a broader range of salt concentrations. Fig. 3 shows the nucleation free energy barriers estimated either from MFPT or umbrella sampling, size of critical nuclei estimated from the position of maximum in G(n), and nucleation rates from fitting MFPT with Eq. (4), at different salt concentrations. In addition, the self diffusion coefficients of the ions, estimated from the mean squared displacement using the Einstein relation, are shown in Fig. 3 .
As expected, the free energy barrier for nucleation of ions into the crystal decreases as the salt of ions took place via spinodal decomposition, which is diffusion controlled, the nucleation rates would decrease with concentration since the diffusion of ions becomes slower as concentration increases. Therefore, the increasing nucleation rates in combination with decreasing diffusion coefficients rules out the possibility of spinodal decomposition-type crystallization. Also, as the system approaches to the spinodal, the free energy barriers and nucleation rates vary smoothly with increasing concentration, without any detectable sudden change. we chose to use a system that is much larger than those used in free energy and rates calculations in order to enable a more clear observation of interconnected domains (if they exist), which is a characteristic feature of spinodal decomposition. The snapshots show that at the early stages of nucleation (t = 50 ns), only one small crystalline nucleus emerges from the solution and as the system evolves, more and larger crystalline nuclei are present (e.g. at t = 150 ns), however, the nuclei are not interconnected. The nuclei shows clear rock-salt (FCC) structure with an approximately spherical boundary, which is more consistent with CNT rather than with the Cahn-Hilliard mean-field theory for spinodal decomposition, 51 in which the nuclei are ramified with diffuse boundaries. Again, for the crystallization of ions at the spinodal, the system shows characteristics of nucleation/growth instead of spinodal decomposition. Additionally, 3 movies showing the progression of nucleation events at concentrations at 13.8 (before the spinodal), 15 .0 (at the spinodal) and 18.5 mol/kg (beyond the spinodal), respectively, are included in the supplementary material.
Spinodal decomposition-type crystallization is not observed in these representative movies.
C. Liquid/amorphous phase separation beyond the spinodal
The above analysis demonstrates that nucleation/crystallization of ions at the limit of stability does not proceed by spinodal decomposition into a crystal phase. However, the presence of a spinodal indicated by the composition dependence of the chemical potential ( Fig. 1 ) certainly suggests that spinodal decomposition occurs in the solution, and a new phase must necessarily emerge from the solution, at and beyond 15 mol/kg. In order to understand this apparent contradiction, we first investigate a binary Lennard-Jones (LJ) system with a LJ solute (S) supersaturated in an LJ solvent (SV), in analogy with the supersaturated NaCl solution.
The interaction parameters of the binary LJ system were taken from Ref. 36 (see Table I in Ref. 36), and the mass of Argon is used for both solute and solvent LJ particles. The simulation of the binary LJ mixture was conducted at 50 K and 1 bar, corresponding to a reduced temperature (k B T/ε) of 0.44 for the solute (S) and 0.81 for the solvent (SV), respectively, making the binary system exhibit a crystal/solution phase separation at equilibrium, similar to the NaCl/water case.
The stable crystal phase in the binary LJ mixture consists of pure solute (S) particles because of the disparity in particle size. The equilibrium solute solubility is (x S =) 0.036 (2) phase. A similar picture for binary LJ solutions has been previously observed by Anwar and Boateng. 5 Based on the behavior of the binary LJ solution, we expect the supersaturated NaCl solution to also exhibit a liquid/amorphous phase separation at and beyond the spinodal.
Here, we choose to analyze an MD trajectory for the simulation of an NaCl solution at salt concentration of 18.5 mol/kg, which is beyond the spinodal. Ions that have more than N cut ion neighbors within a radius of r cut are considered to be in an amorphous phase regardless of the local structure of their neighboring ions, and two amorphous (not solution) ions that are within r cut are considered in the same cluster. We set r cut as 0.45 nm, corresponding roughly to the position of the second peak of the cation/anion pair correlation function. N cut is set to 8, as in the binary LJ mixture. Fig. 6 shows the four largest clusters identified using such criteria, as well as their hydration water molecules surrounding these clusters. A water molecule is considered as a hydration water if it is within 0.4 nm of any ion in a cluster. The snapshots are from a system with 9000 ion pairs and 27000 water molecules, taken at 10 ns (a) and 70 ns (b) of a MD simulation. The two largest crystalline nuclei are also shown in the snapshots.
As shown in Fig. 6 , the clusters are disordered with dimensions on the order of few nanometers. While the above criteria to identify amorphous ions clusters are ad-hoc, we note that water molecules only surround, but do not penetrate, these relatively large clusters, indicating that the amorphous clusters correspond to a more dense phase compared to the aqueous solution. At t = 10 ns, which corresponds to the early stages of crystallization, ions form the disordered liquid amorphous clusters, with only a small number of ions (a total of less than 20) forming crystalline nuclei (not shown in the snapshots). Unlike a crystalline nucleus (see Fig. 4 ), the amorphous clusters are ramified and have diffuse boundaries, which is consistent with the Cahn-Hilliard mean field theory. 51 As the system evolves, at t = 70 ns, part of the ions inside the amorphous salt clusters have already rearranged into crystalline nuclei, shown as red and orange particles. Similar to the disordered pre-nucleation NaCl clusters here, recent optical Kerr-effect spectroscopy experiments confirmed the presence of large metastable ion clusters in supersaturated sodium thiosulfate solutions. 53 Based on the above arguments, the spinodal observed from the electrolyte chemical potential vs. concentration curve (Fig. 1) identifies the stability limit of the aqueous NaCl solution, with respect to concentration fluctuations, not crystallization, and corresponds to the spontaneous formation of amorphous salt clusters, i.e. a solution/amorphous salt phase separation, rather than the solution/crystal spinodal decomposition. Beyond the spinodal, the system loses its thermodynamic stability as a metastable solution, and starts to form a microscopic amorphous salt phase. Since the amorphous salt clusters have not lost their thermodynamic stability with respect to crystal, the free energy barrier for crystallization is non-vanishing. The NaCl crystal nucleation is thus a two-step process at concentrations beyond the spinodal: a solution/amorphous (liquid/amorphous) phase separation with a vanishing (or low) free energy barrier followed by rearrangement of amorphous ions into crystalline nuclei (liquid/solid phase separation) with a non-vanishing free energy barrier.
Despite the fact that different crystallization processes involve liquid/liquid (or liquid/amorphous) phase separation, the effects of liquid/liquid phase separation on crystallization processes could well be quite varied. In protein and colloid solutions, the bulk liquid/liquid phase separation that occurs near the fluid/fluid critical point induces large density fluctuations, and the free-energy bar- rier for crystal nucleation is strongly reduced. 6 In polymer blends, it has been observed that crystallization may be enhanced by liquid/liquid phase separation, as such phase separation generates phase boundaries or precursors, which subsequently induce heterogeneous crystal nucleation. 54, 55 In contrast to the protein/colloid solutions and polymer blends, the crystallization of NaCl ions evolves smoothly from single-step to two-step, as the nucleation free energy barrier and rates (see Fig. 3 ) do not change abruptly as the system crosses the spinodal.
D. Nucleation mechanisms
As discussed above, the nucleation of ions from solution into a crystal at and beyond the spinodal is a two-step process: ions first form disordered amorphous salt clusters, and ions in the amorphous clusters rearrange into crystalline nuclei with a free energy barrier. The two-step (or nonclassical) nucleation/crystallization mechanism has been observed, often at large supersaturations, in several systems for crystallization from solution, 26, 56, 57 in which the density/concentration fluctuation first leads to the formation of dense phases/precursors, and then solute molecules in the dense phases/precursors transform into an ordered crystal phase with structure fluctuations in a second step. On the other hand, for a single-step nucleation mechanism, concentration and structure fluctuations occur simultaneously, leading directly to the formation of crystalline nuclei. Several experiments and simulation studies have shown that the single-step nucleation pathway is less favored than the indirect, two-step mechanism for nucleation/crystallization from solutions. 58 However, there are interesting scenarios where two-and single-step crystallization mechanisms coexist, 59 or a system prefers single/two-step pathway under different conditions. For example, despite many experimental and simulation studies that show a two-(or multi-) step mechanism, crystallization of CaCO 3 on organothiol self-assembled monolayer follows a direct one-step pathway without the presence of amorphous precursors prior to nucleation. 60 Glucose isomerase, which is known to exhibit characteristics of multi-step nucleation at concentration of 100 mg/mL, crystallizes in solution following a classical one-step mechanism at concentration of 0.1 mg/mL. 58 The nucleation of urea follows a two-step mechanism in water and acetonitrile solutions, while a single-step pathway is more favored in methanol and ethanol. 22 Since the nucleation of NaCl crystals follows a two-step process at and beyond the spinodal, it would be interesting to investigate if the two-step mechanism also holds before the system reaches its spinodal. Here, we analyze trajectories collected from unbiased MD simulations that include nucleation events, for systems at different salt concentrations. structure, consistent with a single-step nucleation mechanism. In fact, at low supersaturations away from the spinodal, the largest amorphous salt cluster, identified using the criteria discussed above, is essentially the ordered largest crystalline nucleus with minor differences associated with the identification of ions at the interface of the cluster/nucleus. As nucleation proceeds, the ions nucleate into a crystalline nucleus simultaneously as they aggregate. After the system passes the spinodal (at 16.0 mol/kg), N cluster has a much wider distribution at early stages of nucleation (small N crystal ), and the concentration fluctuations are not coupled with structure fluctuations, which indicates a two-step nucleation mechanism.
The above analysis has shown that there is a transition from single to two-step crystallization mechanism in the supersaturated NaCl solution, and such transition is driven by the microscopic solution/amorphous salt spinodal. It is possible that the two-step nucleation is a mechanism that is only associated with systems that are close to, or beyond, their stability limits, and particles nucleate via the single-step mechanism for systems well before reaching the spinodal. The general belief that classical nucleation theory is only strictly applicable at low supersaturations may be interpreted more precisely as suggesting that the theory is only strictly valid at supersaturations well before reaching the solution spinodal. Such hypothesis may possibly explain the preference of single/two-step crystallization pathway under different solution conditions. Regardless the validity of the proposed hypothesis, the spinodal driven transition of crystallization mechanisms suggests that an accurate determination of crystallization driving forces from the calculation of solution/crystal chemical potentials is of special importance in order to interpret the nucleation mechanism from simulations.
IV. CONCLUSIONS
In this work, we have examined the nucleation of ions from aqueous NaCl solutions using slowing down of ion diffusive motion. Therefore, the spinodal in the system is not associated with crystal/solution phase separation. It is found that the solution at the spinodal experiences a microscopic liquid/amorphous phase separation similar to that previously observed in a binary Lennard-Jones solution 5 . The ions form a metastable amorphous salt phase in transient coexistence with the solution, and the nucleation of ions occurs in the amorphous salt clusters with a free energy barrier. While the nucleation is a two-step process beyond the spinodal, a single-step nucleation to the crystalline phase is observed for solutions before reaching the spinodal. The transition from one-step to two-step crystallization mechanism, driven by the solution spinodal, suggests that an accurate knowledge of solution and crystal chemical potentials is of importance in order to obtain a proper interpretation of mechanisms from simulations of nucleation. We hypothesize that the two-step mechanism observed in NaCl aqueous solutions and in other systems with different solute/solvent interactions (e.g. binary LJ system) may be a general feature for systems in the vicinity of a stability limit. 
